Introduction {#sec1}
============

Particle-stabilized emulsions are known as Pickering or Ramsden emulsions and were first reported over a century ago.^[@ref1],[@ref2]^ Such emulsions offer certain advantages over conventional surfactant emulsions, including enhanced long-term stability and reduced foaming during preparation.^[@ref3]^ The emulsion type depends on the particle wettability, which is directly related to the particle contact angle:^[@ref3]^*hydrophilic* particles typically stabilize oil-in-water (o/w) emulsions, whereas *hydrophobic* particles usually favor the formation of water-in-oil (w/o) emulsions.^[@ref4]−[@ref10]^ In principle, using both hydrophilic and hydrophobic particles should enable the preparation of so-called double emulsions, e.g., either water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o).^[@ref11]−[@ref20]^ For example, Binks and co-workers have used silane chemistry to modify the surface of silica nanoparticles in order to prepare both o/w/o and w/o/w Pickering double emulsions.^[@ref21],[@ref22]^ Alternatively, we recently reported that the physical adsorption of a commercial water-soluble polymer, poly(ethylene imine), onto silica particles is a convenient means of tuning particle wettability in order to prepare w/o/w Pickering double emulsions^[@ref23]^ and also the related colloidosomes-in-colloidosomes.^[@ref24]^

Since the pioneering work by Velev and Paunov,^[@ref25]−[@ref27]^ there has been considerable interest in the use of highly anisotropic nanoparticles as Pickering emulsifiers.^[@ref28],[@ref29]^ In particular, rod-like cellulose nanoparticles (isolated from biomass) have been utilized to prepare highly stable Pickering emulsions.^[@ref30]−[@ref33]^ In complementary studies, we recently examined both hydrophilic^[@ref34]^ and hydrophobic^[@ref35]^ diblock copolymer worms as emulsifiers. In principle, such anisotropic nanoparticles should adsorb much more strongly than their precursor spherical nanoparticles, while maintaining a relatively high specific surface area.^[@ref34],[@ref35]^ Moreover, these wholly synthetic diblock copolymer worms are now readily available via polymerization-induced self-assembly (PISA). Such syntheses can be conducted via reversible addition--fragmentation chain transfer (RAFT) polymerization in water or *n*-alkanes to afford either hydrophilic^[@ref36],[@ref37]^ or hydrophobic^[@ref38],[@ref39]^ diblock copolymer worms, respectively.

Very recently, Capron and co-workers reported the preparation of Pickering double emulsions using two types of cellulose nanofibers.^[@ref40]^ Native nanofibers proved to be sufficiently hydrophilic to stabilize o/w emulsions, whereas chemical derivatization of surface hydroxyl groups using lauroyl chloride produced highly hydrophobic nanofibers that enabled the production of w/o emulsions. Combined with knowledge of the mean droplet diameters of the two types of single emulsions, the judicious combination of both types of nanofibers enabled highly stable o/w/o emulsions to be formulated. However, o/w/o emulsions are not as useful as w/o/w emulsions for many commercial sectors (e.g., agrochemicals, laundry formulations, and home and personal care products), for which an aqueous continuous phase is strongly preferred. Accordingly, in the present work we utilize a combination of hydrophilic and hydrophobic diblock copolymer worms in order to prepare w/o/w Pickering double emulsions (see Figure [1](#fig1){ref-type="fig"}). Our strategy involves rational design principles based on the ability to tune the mean droplet diameter by systematic variation of the shear rate (stirring rate) during homogenization. Moreover, such emulsification is conducted using significantly higher volume fractions of the droplet phase than those employed by Capron and co-workers.^[@ref40]^ Finally, we briefly explore the feasibility of formulating complementary o/w/o emulsions and also multiple emulsions using the same methodology.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Glycerol monomethacrylate (denoted as G for brevity when describing copolymers) was obtained from GEO Specialty Chemicals (Hythe, UK) and was used as received. 2-Hydroxypropyl methacrylate (denoted hereafter as H for brevity), lauryl methacrylate (denoted as L), benzyl methacrylate (denoted as B), cumyl dithiobenzoate (CDB), 4,4′-azobis(4-cyanopentanoic acid) (ACVA), *n*-dodecane, fluorescein, Nile Red, D~2~O, and CDCl~3~ were purchased from Aldrich (UK). Lauryl methacrylate and benzyl methacrylate were passed through basic alumina prior to use; all other reagents were used as received unless otherwise stated. THF, *n*-hexane, and toluene were purchased from Fisher (UK) and CD~3~OD was purchased from Goss Scientific (UK). 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) was prepared in-house as reported previously.^[@ref41]^

Synthesis of G~37~-H~60~-B~30~ Triblock Copolymer Worms via RAFT Emulsion Polymerization {#sec2.2}
----------------------------------------------------------------------------------------

G~37~-H~60~-B~30~ worms (where the subscripted numbers refer to the mean degree of polymerization of each block) were prepared directly in water via polymerization-induced self-assembly (PISA) at 13% w/w solids using RAFT polymerization.^[@ref42]−[@ref44]^ More specifically, the G~37~-H~60~ diblock precursor was prepared by RAFT aqueous solution polymerization and subsequently used to polymerize benzyl methacrylate (or B) via RAFT aqueous emulsion polymerization, as described previously.^[@ref34]^

Synthesis of L~16~-B~37~ Diblock Copolymer Worms via RAFT Dispersion Polymerization {#sec2.3}
-----------------------------------------------------------------------------------

L~16~-B~37~ diblock copolymer worms were prepared as a soft free-standing gel directly in *n*-dodecane via PISA at 20% w/w solids according to a previously reported protocol.^[@ref39]^

Preparation of O/W and W/O Single Emulsions {#sec2.4}
-------------------------------------------

2.0 mL of a 1.00% w/w dispersion comprising either G~37~-H~60~-B~30~ worms in water or L~16~-B~37~ worms in *n*-dodecane was placed into a 7 mL vial, followed by the addition of 2.0 mL of either *n*-dodecane (for the G~37~-H~60~-B~30~ worms) or water (for the L~16~-B~37~ worms). The two immiscible phases were homogenized for 2 min at 20 °C using a IKA Ultra-Turrax T-18 homogenizer equipped with a 10 mm dispersing tool. The stirring rate was systematically varied between 3500 and 24 000 rpm to establish the effect of this parameter on the mean droplet size. The resulting emulsions were characterized using the "drop test" to assign emulsion type (i.e., either o/w or w/o). Thus, an emulsion droplet was placed into either water or *n*-dodecane in turn, with rapid dispersal of the droplet signifying that the continuous phase of the emulsion was the same as that of the test solvent. These emulsions were visualized by optical microscopy and sized by laser diffraction.

Preparation of W/O/W Double Emulsions {#sec2.5}
-------------------------------------

A single w/o emulsion stabilized by L~16~-B~37~ worms was prepared at 24 000 rpm as described above. 1.0 mL of this single w/o emulsion was then homogenized at 20 °C with 1.0 mL of a 1.00% w/w aqueous dispersion of G~37~-H~60~-B~30~ worms for 2 min at either 7000, 11 000, or 15 000 rpm. The resulting w/o/w double emulsions were visualized by optical and fluorescence microscopy and sized by laser diffraction.

Preparation of O/W/O Double Emulsions {#sec2.6}
-------------------------------------

A single o/w emulsion stabilized by G~37~-H~60~-B~30~ worms was prepared at 24 000 rpm as described above. 1.0 mL of this single o/w emulsion was then homogenized at 20 °C with 2.0 mL of a 1.00% w/w aqueous dispersion of L~16~-B~37~ worms for 2 min at either 7000 or 11 000 rpm. The resulting o/w/o double emulsions were characterized by optical microscopy.

Preparation of O/W/O/W and W/O/W/O Triple Emulsions {#sec2.7}
---------------------------------------------------

1.0 mL of the appropriate o/w/o or w/o/w double emulsion prepared at 11 000 rpm for 2 min was further homogenized at 20 °C with 1.0 mL of either a 1.00% w/w dispersion of L~16~-B~37~ in *n*-dodecane or 1.00% w/w G~37~-H~60~-B~30~ worms in water at 7000 rpm for 2 min. The resulting o/w/o/w or w/o/w/o triple emulsions were visualized by optical microscopy.

Characterization {#sec3}
----------------

### THF GPC {#sec3.1}

Molecular weight distributions were assessed by gel permeation chromatography (GPC) using THF eluent. The GPC set-up comprised two 5 μm (30 cm) Mixed C columns, a LC20AD ramped isocratic pump, and a WellChrom K-2301 refractive index detector operating at 950 ± 30 nm. The THF mobile phase contained 2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT), and the flow rate was fixed at 1.0 mL min^--1^. A series of ten near-monodisperse poly(methyl methacrylate) standards (*M*~p~ values ranging from 1280 to 330 000 g mol^--1^) were used for calibration.

### DMF GPC {#sec3.2}

Molecular weights and polydispersities were assessed using a GPC set-up operating at 60 °C comprising a Varian 290-LC pump injection module, a Varian 390-LC refractive index detector, and two Polymer Laboratories PL gel 5 μm Mixed-C columns. The DMF mobile phase contained 0.01 M LiBr, and the constant flow rate was set at 1.0 mL min^--1^. DMSO was used as a flow rate marker, and calibration was achieved using a series of ten near-monodisperse poly(methyl methacrylate) standards (*M*~p~ values ranging from 1280 to 330 000 g mol^--1^).

### ^1^H NMR Spectroscopy {#sec3.3}

^1^H NMR spectra were recorded in either D~2~O, CD~3~OD, or CDCl~3~ using a Bruker Avance 400 spectrometer operating at 400 MHz. Typically 64 scans were accumulated per spectrum.

### Dynamic Light Scattering (DLS) {#sec3.4}

Intensity-average hydrodynamic diameters were determined by DLS at a fixed scattering angle of 173° using a Malvern Zetasizer NanoZS instrument operating at 25 °C. Dilute (0.01% w/w) aqueous or *n*-dodecane worm dispersions were analyzed using either plastic or glass cuvettes, respectively, and the results were averaged over three consecutive runs. The deionized water or *n*-dodecane used to dilute each sample was ultrafiltered through a 0.20 μm membrane in order to remove extraneous dust.

### Transmission Electron Microscopy {#sec3.5}

Transmission electron microscopy (TEM) studies were conducted using a Philips CM 100 instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera. Diluted block copolymer solutions (0.50% w/w) were placed on carbon-coated copper grids and exposed to either a positive ruthenium(VIII) oxide or negative uranyl formate stain to improve contrast. The L~16~-B~37~ worms were exposed to ruthenium(VIII) oxide vapor for 7 min at 20 °C. The ruthenium(VIII) oxide was prepared as follows: ruthenium(IV) oxide (0.30 g) was added to water (50 g) to form a black slurry; addition of sodium periodate (2.0 g) with continuous stirring produced a yellow solution of ruthenium(VIII) oxide within 1 min at 20 °C. For the G~37~-H~60~-B~30~ worms, 9 μL of a 0.75% w/w uranyl formate aqueous solution was placed on the sample-loaded grid for 20 s prior to its removal via blotting.

### Optical Microscopy {#sec3.6}

Optical microscopy images were recorded using a Motic DMBA300 digital biological microscope equipped with a built-in camera and analyzed using Motic Images Plus 2.0 ML software. Number-average (*D*~n~ or *D*\[1,0\]) and surface-average (*D*\[3,2\]) droplet diameters were estimated using ImageJ software; more than 300 droplets per sample were analyzed in each case.

### Fluorescence Microscopy {#sec3.7}

Fluorescence microscopy images of the w/o precursor emulsion and various w/o/w double Pickering emulsions were recorded on a Zeiss Axio Scope A1 microscope fitted with an AxioCam 1Cm1 monochrome camera. Fluorescein was dissolved in the aqueous phase and Nile Red in the *n*-dodecane phase. Fluorescein-labeled droplets were imaged using Zeiss filter set 38 (excitation 470/40 nm and emission 525/50 nm). Nile Red droplets were imaged using Zeiss filter set 43 HE (excitation 550/25 nm and emission 605/70 nm). Images were captured and processed using ZEN lite 2012 software.

### Laser Diffraction {#sec3.8}

The volume-average droplet (*D*\[4,3\]) diameter of the various diluted emulsions (with either water or *n*-dodecane used as the diluent for the continuous phase) was determined using a Malvern Mastersizer 2000 instrument equipped with a small volume Hydro 2000SM sample dispersion unit (ca. 50 mL), a He--Ne laser operating at 633 nm, and a solid-state blue laser operating at 466 nm. The stirring rate was adjusted to 1000 rpm in order to avoid sedimentation of the emulsion droplets during analysis. After each measurement, the cell was rinsed with either ethanol followed by water or with *n*-dodecane, depending on the emulsion type. The glass walls of the cell were carefully wiped to avoid cross-contamination, and the laser was aligned centrally to the detector prior to data acquisition.

Results and Discussion {#sec4}
======================

Hydrophilic poly(glycerol monomethacrylate)--poly(2-hydroxypropyl methacrylate)--poly(benzyl methacrylate) (G~37~-H~60~-B~30~) worms and hydrophobic poly(lauryl methacrylate)--poly(benzyl methacrylate) (L~16~-B~37~) worms were prepared directly in either water or *n*-dodecane, respectively, using RAFT-mediated polymerization-induced self-assembly (PISA). Such triblock and diblock copolymer worms have been utilized previously to prepare *single* oil-in-water (o/w) and water-in-oil (w/o) emulsions.^[@ref34],[@ref35]^ In the present study, these two types of block copolymer worms are used in tandem to prepare Pickering *double* (and *multiple*) emulsions. Table [1](#tbl1){ref-type="other"} summarizes the molecular weight distributions, sphere-equivalent DLS diameters, and mean worm thicknesses and worm contour lengths determined for both types of copolymer worms. Representative transmission electron micrographs of the G~37~-H~60~-B~30~ and L~16~-B~37~ worms are shown in Figure [1](#fig1){ref-type="fig"}. In both cases the worms are highly anisotropic, with relatively well-defined worm widths but a rather broad distribution of worm contour lengths (see Table [1](#tbl1){ref-type="other"}).

###### Summary of Target Block Compositions, Molecular Weight Data, DLS *Z*-Average Diameters, and Estimated Worm Dimensions for the Two Block Copolymers Used in This Work

  block copolymer     solvent medium   *M*~n~ (g mol^--1^)                     *M*~w~/*M*~n~   DLS diameter (nm) (PDI)   mean worm thickness[c](#t1fn3){ref-type="table-fn"} (nm)   worm contour length range[c](#t1fn3){ref-type="table-fn"} (nm)
  ------------------- ---------------- --------------------------------------- --------------- ------------------------- ---------------------------------------------------------- ----------------------------------------------------------------
  G~30~-H~60~-B~30~   water            21000[a](#t1fn1){ref-type="table-fn"}   1.16            72 (0.21)                 23 ± 3                                                     50--500
  L~16~-B~37~         *n*-dodecane     10800[b](#t1fn2){ref-type="table-fn"}   1.22            148 (0.26)                15 ± 3                                                     90--700

DMF GPC (vs PMMA standards).

THF GPC (vs PMMA standards).

Estimated from TEM (∼50 worms counted per sample).

Characterization of Precursor O/W and W/O Emulsions {#sec4.1}
---------------------------------------------------

In preliminary experiments, the properties of precursor o/w and w/o emulsions were investigated in order to assess whether the hydrophobic or hydrophilic block copolymer worms should be used to stabilize the internal droplet phase when formulating the target double emulsions. Clearly, successful double emulsion formation requires that the precursor droplets should be sufficiently small to be encapsulated within the second set of droplets. In principle, the mean droplet diameter of Pickering emulsions can be tuned by (i) increasing the particle concentration, (ii) adjusting the oil (or water) volume fraction, or (iii) varying the stirring rate used for homogenization.^[@ref3],[@ref45]^ In the present study, it was decided that the latter parameter should be the primary mechanism for controlling the emulsion size. Figure [2](#fig2){ref-type="fig"} depicts how systematic variation of the stirring rate at a fixed 1.00% w/w copolymer concentration affects the mean droplet diameter for o/w and w/o Pickering emulsions prepared using the G~37~-H~60~-B~30~ and L~16~-B~37~ worms, respectively. Previous work indicated that the adsorption efficiencies of both types of worms were relatively high (\>90%) when using 0.50% w/w copolymer at 13 500 rpm for 2 min.^[@ref34],[@ref35]^ Thus, a higher concentration (1.00% w/w) was selected in order to generate additional droplet surface area when using higher homogenization speeds (i.e., \>13 500 rpm). Adjusting the stirring speed from 3500 to 24 000 rpm enabled mean droplet diameters of 21 to 140 μm to be achieved for *n*-dodecane-in-water emulsions prepared using the hydrophilic G~37~-H~60~-B~30~ worms. Similarly, mean droplet diameters of 25--210 μm could be achieved for water-in-*n*-dodecane emulsions formulated using the hydrophobic L~16~-B~37~ worms under the same conditions. Exceptionally, stable emulsions could not be obtained at a stirring rate of 3500 rpm when using the L~16~-B~37~ worms. The droplet size distributions are relatively broad, but this is typical of Pickering emulsions prepared by conventional homogenization.^[@ref46]^ Recently, we reported that hydrophilic G~45~-H~140~ diblock copolymer worms are unstable when subjected to high shear.^[@ref34]^ These relatively delicate self-assembled nanoparticles dissociated *in situ* to generate individual copolymer chains, which then acted as a polymeric surfactant and adsorbed strongly at the oil/water interface. Thus, this formulation leads to the formation of stable emulsions, but not the intended *Pickering* emulsions.

![Transmission electron microscopy images recorded for (A) a dilute aqueous dispersion of G~37~-H~60~-B~30~ worms and (B) a dilute *n*-dodecane dispersion of L~16~-B~37~ worms used to prepare the Pickering double and multiple emulsions described in this work. Schematic representation of the preparation of (C) w/o/w double emulsions and (D) o/w/o double emulsions by the judicious combination of these two types of anisotropic Pickering emulsifiers.](la-2015-00741k_0002){#fig1}

In contrast, prior work^[@ref34],[@ref35]^ had already established that the G~37~-H~60~-B~30~ and L~16~-B~37~ block copolymer worms used in the present study survive homogenization at shear rates of up to 13 500 rpm, since in both cases the core-forming poly(benzyl methacrylate) block confers sufficient stability. Experimental evidence supporting the formation of genuine Pickering emulsions was obtained by TEM studies of the dried emulsion droplets, which revealed the presence of an adsorbed worm layer.^[@ref34],[@ref35]^ Moreover, the strong concentration dependence that was observed for the mean droplet diameter is characteristic of a Pickering emulsifier, whereas essentially zero concentration dependence is invariably observed when block copolymer nano-objects dissociate under shear.^[@ref34],[@ref47]^ In the present work, a significant increase in droplet diameter was observed on lowering the copolymer concentration, indicating adsorption of intact G~37~-H~60~-B~30~ or L~16~-B~37~ block copolymer worms even when employing stirring rates of up to 24 000 rpm (see Figure [3](#fig3){ref-type="fig"}). Thus both the precursor o/w and w/o precursor emulsions are genuine Pickering emulsions. Herein we focus on the judicious combination of these hydrophilic and hydrophobic worms to prepare w/o/w double emulsions, since an aqueous continuous phase is attractive for commercial encapsulation applications. However, we briefly demonstrate that the complementary o/w/o emulsions can also be formulated (see later).

![Variation of droplet diameter with stirring rate for *n*-dodecane-in-water and water-in-*n*-dodecane precursor emulsions prepared at 20 °C using (A) G~37~-H~60~-B~30~ worms and (B) L~16~-B~37~ worms, respectively. The worm copolymer concentration was fixed at 1.00% w/w in both series of experiments. The vertical dashed line shown in (B) indicates that complete phase separation was observed when homogenization was attempted at 3500 rpm.](la-2015-00741k_0003){#fig2}

![Droplet diameter vs copolymer concentration for (A) w/o emulsions prepared using L~16~-B~37~ worms and (B) o/w emulsions prepared using G~37~-H~60~-B~30~ worms. All emulsions were homogenized at 24 000 rpm for 2 min at 20 °C.](la-2015-00741k_0004){#fig3}

Preparation of W/O/W Double Emulsions {#sec4.2}
-------------------------------------

Pickering w/o/w double emulsions were prepared in two steps such that the inner water droplets are stabilized by L~16~-B~37~ worms and the outer oil droplets are stabilized by G~37~-H~60~-B~30~ worms. First, a L~16~-B~37~ worm-stabilized precursor w/o emulsion was prepared at an *n*-dodecane volume fraction of 0.50 using the maximum stirring rate of 24 000 rpm to produce the smallest possible mean droplet diameter (25 ± 16 μm). This strategy was adopted to enable maximum variation in the stirring rate during the second homogenization step. Figure [4](#fig4){ref-type="fig"} depicts fluorescent microscopy images recorded for the precursor w/o emulsion using (a) an oil-soluble fluorescent dye (Nile Red) and (b) a water-soluble fluorescent dye (fluorescein), which confirms that it is indeed of the w/o type.

![Fluorescence microscopy images of the precursor water-in-oil emulsions prepared using the L~16~-B~37~ worms where (A) the *n*-dodecane continuous phase is labeled using an oil-soluble fluorescent dye (Nile Red) and (B) the aqueous droplet phase is labeled using a water-soluble fluorescent dye (fluorescein).](la-2015-00741k_0005){#fig4}

This precursor w/o emulsion was then further homogenized using an equal volume of a 1.00% w/w aqueous dispersion of G~37~-H~60~-B~30~ worms to form a w/o/w double emulsion (as indicated in Figure [1](#fig1){ref-type="fig"}C). The stirring rate utilized for this second step was either 7000, 11 000, or 15 500 rpm to afford secondary droplets of various sizes. Optical microscopy studies indicated the successful preparation of stable Pickering double emulsions (see Figure [5](#fig5){ref-type="fig"}). Slower stirring rates produced larger droplets, as expected (see Table [2](#tbl2){ref-type="other"}). Moreover, the largest droplets prepared at 7000 rpm were able to encapsulate many more of the initial 25 μm water droplets. Significantly fewer encapsulated water droplets are discernible within the double emulsions prepared at 15 500 rpm, with some of the smaller oil droplets remaining empty. This is attributed to the similar mean diameters observed for the inner water and outer oil droplets (25 ± 16 μm vs 30 ± 18 μm, respectively). Taking into account the relatively broad droplet size distributions, it is clear that a certain fraction of oil droplets are simply too small to encapsulate some of the larger water droplets. Conversely, the number of water droplets encapsulated within each oil droplet can be conveniently controlled simply by adjusting the stirring rate used for homogenization. Figure [6](#fig6){ref-type="fig"} shows two fluorescence microscopy images recorded for one such w/o/w Pickering double emulsion prepared at 11 000 rpm. The aqueous phase has been dyed with fluorescein in Figure [6](#fig6){ref-type="fig"}A, while in Figure [6](#fig6){ref-type="fig"}B the oil phase has been dyed with Nile Red. Aqueous droplets can be clearly identified within the oil droplets, and hence these emulsions are confirmed to be of the w/o/w type. Table [2](#tbl2){ref-type="other"} summarizes the mean oil droplet diameters as determined by laser diffraction for a series of both fresh and aged w/o/w double emulsions. Within experimental error, the initial double emulsion droplet diameter is essentially identical to the equivalent single o/w droplet diameter prepared at the same stirring rate. This confirms that the mean oil droplet diameter obtained for the w/o/w double emulsion is simply characteristic of the stirring rate and is not affected by the presence of the encapsulated 25 μm water droplets.

###### Relationship between Mean Volume-Average Droplet Diameter and Stirring Rate for Single, Double, and Triple Emulsions, Where Water Is the Continuous Phase in Each Case

  emulsion type            7000 rpm   11 000 rpm   15 500 rpm
  ------------------------ ---------- ------------ ------------
  single o/w               78 ± 33    44 ± 19      30 ± 18
  double w/o/w (initial)   77 ± 32    44 ± 20      30 ± 14
  w/o/w (after 4 weeks)    76 ± 32    45 ± 19      28 ± 14
  w/o/w (after 10 weeks)   87 ± 78    46 ± 19      28 ± 13
  triple o/w/o/w           76 ± 27                  

In addition, laser diffraction studies indicate that these Pickering w/o/w double emulsions are relatively stable, with little or no change in droplet diameter being observed for at least four weeks in all cases. In contrast to the work of Cunha et al., no initial coalescence of the secondary droplets is observed.^[@ref40]^ There is some evidence for limited coalescence of the emulsion prepared at 7000 rpm, with a modest increase in mean diameter from 76 to 87 μm being observed for an emulsion after storage at 20 °C for ten weeks. It is perhaps also worth emphasizing that the volume fractions of the encapsulated primary water droplets and secondary oil droplets are relatively high (0.25 and 0.50, respectively) compared to double Pickering emulsions reported by others.^[@ref40]^ These findings suggest that the block copolymer worms described herein offer superior performance for the stabilization of Pickering double emulsions.

![Optical microscopy images recorded at low magnification (upper row) and high magnification (lower row) for Pickering w/o/w double emulsions prepared at stirring rates of 7000, 11 000, or 15 500 rpm using equal volume fractions of an aqueous dispersion containing 1.00% w/w G~37~-H~60~-B~30~ worms and the precursor w/o emulsion, respectively. In each case, the precursor w/o emulsion was prepared at a water volume fraction of 0.50 using 1.00% w/w L~16-~B~37~ worms in *n*-dodecane at a stirring rate of 24 000 rpm.](la-2015-00741k_0006){#fig5}

![Fluorescence microscopy images recorded for w/o/w double emulsions where (A) the aqueous phase is labeled with fluorescein and (B) the *n*-dodecane phase is labeled with Nile Red. Each precursor w/o emulsion was prepared at a stirring rate of 24 000 rpm, while the second-stage homogenization was conducted at 11 000 rpm; the L~16-~B~37~ and G~37~-H~60~-B~30~ worm concentrations were 1.00% w/w in both cases.](la-2015-00741k_0007){#fig6}

![Optical microscopy images recorded for initial o/w and o/w/o double emulsions. The precursor o/w emulsion was prepared at an *n*-dodecane volume fraction of 0.50 using 1.00% w/w G~37~-H~60~-B~30~ worms and a stirring rate of 24 000 rpm for 2 min. The second-stage homogenization was conducted at either (B) 7000 rpm or (C) 11 000 rpm using a precursor emulsion volume fraction of 0.33.](la-2015-00741k_0008){#fig7}

Pickering O/W/O Double Emulsions {#sec4.3}
--------------------------------

Preparation of the complementary o/w/o double emulsions was also investigated. In these experiments, the precursor o/w emulsion was prepared using an aqueous volume fraction of 0.50 containing 1.00% w/w G~37~-H~60~-B~30~ worms at a stirring rate of 24 000 rpm. This protocol afforded a mean emulsion droplet diameter of 21 ± 10 μm (see Figure [7](#fig7){ref-type="fig"}A). This precursor emulsion was then homogenized with an equal volume of a 1.00% w/w L~16~-B~37~ worm dispersion in *n*-dodecane to produce a final emulsion with a water volume fraction of 0.25 (see Figure [1](#fig1){ref-type="fig"}D). However, this formulation did not result in the intended stable double emulsion, but rather produced an o/w emulsion with a larger mean droplet diameter. In fact, such emulsions are actually examples of so-called high internal phase emulsions (HIPEs),^[@ref48]−[@ref50]^ since the final oil volume fraction is 0.75. We hypothesize that the hydrophilic G~37~-H~60~-B~30~ worms have a stronger affinity for the oil/water interface than the hydrophobic L~16-~B~37~ worms. Indeed, if a 1.00% w/w aqueous G~37~-H~60~-B~30~ worm dispersion is homogenized with an equal volume of 1.00% w/w L~16~-B~37~ worms in *n*-dodecane, a stable o/w emulsion is produced, rather than a w/o emulsion. This observation indicates that the G~37~-H~60~-B~30~ worms are preferentially adsorbed at the oil/water interface. Thus, in the above series of experiments, the additional oil introduced for the second-stage homogenization is simply stabilized by the G~37~-H~60~-B~30~ worms, despite the presence of the L~16~-B~37~ worms within it. This problem was circumvented by increasing the volume fraction of L~16~-B~37~ worms in *n*-dodecane from 0.50 to 0.67 (i.e., by employing an aqueous volume fraction of 0.33 rather than 0.50 to prepare the precursor o/w emulsion). This increases the number of L~16~-B~37~ worms available for adsorption at the oil/water interface and also increases the volume fraction of *n*-dodecane to 0.83, making it impossible for the G~37~-H~60~-B~30~ worms to stabilize the additional interfacial area. The optical microscopy images for the o/w/o double emulsions prepared at this volume fraction are shown in Figures [7](#fig7){ref-type="fig"}B and 7C. Like the w/o/w emulsions, the aqueous droplets of the o/w/o emulsion prepared at 7000 rpm are significantly larger and contain more encapsulated oil droplets than those prepared at 11 000 rpm.

Triple and Quadruple Emulsions {#sec4.4}
------------------------------

Inspired by the recent reports of multiple emulsions prepared via microfluidic techniques by Weitz and co-workers,^[@ref51],[@ref52]^ we decided to explore the feasibility of the preparation of triple and quadruple emulsions by judicious combination of hydrophilic and hydrophobic worms. It was found that both o/w/o/w and w/o/w/o triple emulsions could be produced by using progressively slower stirring rates for each homogenization. Thus initial emulsification was conducted at 24 000 rpm, the intermediate double emulsion was produced at 11 000 rpm, and the final triple emulsion was obtained at 7000 rpm (see Figures [8](#fig8){ref-type="fig"}A and 8B).

![Optical microscopy images recorded for (A) an o/w/o/w triple emulsion, (B) an w/o/w/o triple emulsion, and (C) a w/o/w/o/w quadruple emulsion prepared by using progressively slower stirring rates for each subsequent homogenization step. The single emulsions were prepared at 24 000 rpm, the double at 11 000 rpm, the triple at 7000 rpm, and finally the quadruple w/o/w/o/w emulsion at 3500 rpm. The copolymer concentrations were 1.00% w/w for each stage of emulsification.](la-2015-00741k_0009){#fig8}

Finally, a w/o/w/o/w quadruple emulsion was generated via homogenization of a w/o/w/o triple emulsion with an equal volume of an aqueous phase comprising 1.00% w/w G~37~-H~60~-B~30~ worms at a stirring rate of 3500 rpm (see Figure [8](#fig8){ref-type="fig"}C). These multiple emulsions exhibit good long-term stability over time scales of months with no signs of demulsification, although some creaming or sedimentation occurs (depending on the nature of the continuous phase). Table [2](#tbl2){ref-type="other"} confirms that an o/w/o/w triple emulsion has essentially the same droplet diameter as the single and double emulsions prepared using the same stirring rate. Again, this indicates that the final emulsion droplet diameter is simply dictated by the homogenization conditions.

Conclusions {#sec5}
===========

Both w/o/w and o/w/o double emulsions can be prepared using a judicious combination of hydrophilic and hydrophobic block copolymer worms as Pickering emulsifiers. Systematic variation of the stirring rate during homogenization enables stable w/o/w double emulsions of adjustable mean diameter to be prepared at volume fractions of up to 0.50 for the precursor w/o emulsion. Pickering double emulsions are reasonably stable over time scales of several months with no discernible change in the mean droplet diameter. The complementary o/w/o double emulsions can also be prepared, albeit at somewhat lower volume fractions for the precursor emulsion. Finally, we demonstrate that triple and even quadruple emulsions can also be prepared using these new highly anisotropic Pickering emulsifiers. Given their straightforward and rather efficient synthesis at high solids via polymerization-induced self-assembly, such block copolymer worms are expected to be useful wholly synthetic alternatives to naturally occurring anisotropic nanoparticles derived from biomass for the rational design of bespoke Pickering emulsions.
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